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Summary

Hemostasis is one of many well-known systems that ensure a constant conditions of the
organism's internal environment. This process is usually divided into two main stages:
coagulation and fibrinolysis. Both of them occur simultaneously and under physiological
conditions they are in dynamic equilibrium. There are primary and secondary hemostasis. The
primary hemostasis leads to the formation a platelet clot that forms almost directly after a
blood vessel has been ruptured. In the other hand, the secondary hemostasis is the activation
of coagulation, which leads to the strengthening of the platelet plug through the fibrin network
formation as a result of the polymerization of the soluble plasma protein fibrinogen. The key
role in hemostasis plays the interaction of platelets — which are the smallest non nucleated
blood cells that are formed from the cytoplasm of megakaryocytes, and plasma coagulation
factors with vascular endothelial cells and subendothelial tissues. In this report it is decribed

the process of physiological hemostasis, especially the newer concept of blood coagulation.
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Introduction

Hemostasis is a set of mechanisms that are responsible for keeping blood in a liquid state in
the blood vessels, keep them tight and also prevent bleeding at the site of damage to the wall
of blood vessel. This happens by forming a platelet clot and then a fibrin clot. [1] This is one
of many well-known systems that ensure a constant conditions of the organism's internal
environment, i.e. homeostasis. Hemostasis is usually divided into two main stages:
coagulation and fibrinolysis. Both of these process occur simultaneously and under
physiological conditions they are in dynamic equilibrium. The dominance any of them, which
is observed in many pathological conditions, leads to either blood clots or bleeding. [2] There
are primary and secondary hemostasis. The primary hemostasis leads to the formation of a
platelet clot that forms almost directly after a blood vessel has been ruptured. That is a result
of platelet adhesion to damaged endothelium, their aggregation and also vasoconstriction. In
contrast, secondary hemostasis is the activation of coagulation, which leads to the
strengthening of the platelet plug through the fibrin network formation as a result of the
polymerization of the soluble plasma protein fibrinogen. Its growth, and thus clot formation,
is prevented by endogenous inhibitors of blood coagualation. The fibrin that builds the
resulting hemostatic plug is disolved by the activity of the fibrinolytic system and its other
components are removed by the feeding cells. The key role in hemostasis plays the interaction
of platelets and plasma coagulation factors with vascular endothelial cells and subendothelial
tissues. [1] In this report it is decribed the process of physiological hemostasis, especially the

newer concept of blood coagulation.

Vascular hemostasis

The wall of a blood vessels consists of three layers: the inner layer, also known as the intima,
the middle layer and the outer layer, called adventita. Primary haemostasis is mainly attended
by the inner membrane, which consists of a single layer of endothelial cells (endothelium) and

subendothelial connective tissue. The role of the endothelium, which is in the constant contact
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with the blood flowing in the blood vessels, is to maintain its in a liquid state by inhibiting not
only the aggregation of platelets, but also the coagulation cascade reaction and also by
enhancing the fibrinolysis process. [5] What is more, the endothelium modulates the
permeability of the vascular wall, maintains a balance in the production of inhibitors and
activators of fibrinolysis and creates a physiological barrier between the circulating blood and
the subendothelial matrix, rich in proteins with strong adhesive properties. [6] A different role
plays the subendothelial matrix, which includes adhesins produced and released by
endothelial cells, such as collagen, laminin, fibronectin, vitronectin and von Willebrand factor
(VWF - von Willebrand factor). To these components a platelets adhesion is observed when
the blood vessel wall has been injured. Moreover, tissue factor (TF) that initiates blood
coagulationis is present in the subendothelial layer. [7] The endothelium appears a function
also as a biologically active tissue capable of synthesizing compounds that promote and
control hemostatic function. The luminal surface of all vascular endothelial cells is covered by
the glycocalyx, which comprises membrane-bound negatively charged glycolipids and
glycosaminoglycans. It has anticoagulant properties - reduces the activity of antithrombin (AT)
and reduces the amount of active factor X and thrombin in the bloodstream. Endothelial cells
produce thrombomodulin (TM) and the endothelial protein C receptor (EPCR) which are part
of protein C anticoagulant system. Endothelium also has a significant impact on the
functioning of the fibrinolysis system, primarily through the synthesis and release into the
blood of both activators and inhibitors of plasminogen. Many factors that effectively influence
the adhesion, activation and aggregation of platelets, which are also having a vasomotor effect,
come from endothelial cells. The most important of them are: prostacyclin (PGI), endothelin,
nitric oxide (NO) and platelet activating factor (PAF). [8] Figure 1. A disturbed structure or
impaired function of the vascular wall may cause an excessive bleeding. This is known as a
vascular hemorrhagic diathesis. On the other hand, the loss of the anticoagulant properties of

the endothelium can lead to the formation of blood clots. [7]
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Figure 1. Participation of endothelial cells in hemostasis

Platelets

Platelets are the smallest non nucleated blood cells that are formed from the cytoplasm of
megakaryocytes, their precursor cells, which reside in the bone marrow. [9] They have a
discoidal shape with a diameter of 3-4 pym and a volume of 5-10 um3. The normal range of
platelet counts are between 140-440 G/L in healthy people. About 30% of them is in the
spleen (so-called ,,splenic pool”), the rest of the platelets circulate in the blood vessels. Their
survival time is 5-9 days, after which they are removed by cells of the reticuloendothelial
system. [10] The platelet is surrounded by a cell membrane formed by two layers of lipids
(internal and external) in which proteins are distributed. [11] Many of them pass through both
lipid layers in such a way that their ends are present both on the inside and outside. The outer
ends are binding to oligosaccharides and form glycoproteins (GPs), which are receptors for
many factors that stimulate or inhibit platelet activity. The most abundant membrane lipids are
the phospholipids. [7] There are several types (at least three) of granules in platelet cytoplasm.
(Table 1) The largest group is an a granules, which consist of adhesive proteins such as
fibrinogen, fibronectin, vVWF, growth factors such as platelet factor 4 (PF4 - platelet-derived

growth factor) and thrombospondin as well as coagulation and fibrinolysis factors, i.e. factor

217



V, factor XI, high molecular-weight kininogen (HMWK), protein S and plasminogen activator
inhibitor-1 (PAI-1). [12] The content of a granules undergoes rapid exocytosis during platelet
activation, and releases mediators which gradually enhance hemostasis. [13] In turn, adenine
nucleotides (ADP and ATP), catecholamines, magnesium and calcium ions, serotonin and
pyrophosphates are stored in dense granules, also called & granules, which are smaller than a-
granules. In addition, the acid hydrolases are present in the few lysosomes and the catalase is
a component of the most rarely peroxisomes. [14] As a result of platelet activation, the content
of granules a and d are released into the external environment. Activated platelets express
negative phospholipids and P-selectin on the exterior surface of their cells and then they are
associated with coagulation factors involved in blood clotting. [ 15] On the surface of platelets,
in the plasma membrane and within the granularity of o there are glycoprotein platelet
receptors. The most important role is played by GP IIb/Illa and GP Ib/IX/V. Fibrinogen is the
main ligand of GP IIb/Illa, so that is the most important mediator of platelet aggregation. This
complex, belongs to the integrin receptor family, has a relatively low affinity for fibrinogen on
the resting plate. Only as a result of platelet activation, and thus conformational changes of
GP IIb/llla, the glycoprotein's ability to bind fibrinogen increase. It is necessary to form
fibrinogen bridges between platelets to form their aggregate. [16] In turn, GP Ib/IX/V is a key
receptor for von Willebrand factor. This complex is mainly responsible for the course of the
plate adhesion process to the endothelial matrix. Its binding to vVWF also contributes to

platelet aggregation both directly and by GP IIb/IlIa activation. [17]
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Table 1. The content of platelet granules

Platelet granule contents, surface molecules and platelet-derived mediators
involved in inflammation and immunity

Adhesive glycoproteins

P-selectin, fibrinogen, vWF, fibronectin,
thrombospondin

Coagulation factors

Factor V, protein S, factor XI, factor XIII
Mitogenic factors

PDGF, TGF-, EGF

Angiogenic factors

VEGF, PF4 inhibitor

Fibrinolytic inhibitors

2-plasmin inhibitor, PAI-1
Immunoglobulins

Granule membrane- specific proteins
P-selectin, CD 63, GMP 33

Chemokines

CXCL7, CXCL4 (PF4), CXCL1 (GRO),
CXCLS5, CCL5 (RANTES), CCL3 (MIP1)

Granules

Amines

Serotonin (5-HT), histamine

Bivalent cations

Caz+’ Mg2+

Nucleotides

ATP, ADP, GTP, GDP

Acid proteases

Carboxypeptidases (A, B),

cathepsins D,E,

Acid phosphatase, collagenase

Glycohydrolases

Heparinase, -N-acetyl-glucosaminidase,
-glucoronidase, -glycerophosphatase,
-galactosidase, -D-glucosidase,
-L-fucosidase,
-D-fucosidase

Other molecules with immune functions:

Other soluble mediators CCL7 (MCP3),IL1 , HMGBI, Defensins,

thromboxane A2, PAF, sCD40L

TLR1, TLR2, TLRS, TLR4, TLR6, CD40

CD40L, TREM-1 ligand

Dense granules

Lysosome granules

Plasma membrane

VWF - von Willebrand factor; PDGF - platelet-derived growth factor; TGF - transforming growth factor, EGF -
epidermalgrowth factor; PAI-1 - plasminogen activator inhibitor 1; PAF - platelet activating factor; TLR - Toll-

like receptor.

In addition to the glycoprotein complexes described above, there are some other receptors on
the platelet surface, mainly interacting directly with collagen. These are GP IV (collagen 1I
and thrombospondin receptor), GP VI (collagen receptor), GP Ia/Ila (collagen receptor), CD9
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(fibronectin receptor) and associated with platelet cytoskeleton platelet-endothelial cell
adhesion molecule-1 (PECAM-1). Collagen receptors are used to capture the platelets moving
with the blood and bind them at the site of damage. [18] Moreover, the GP VI receptor plays
the most important role in the process of initiating the activation of platelets. [19] The eftect
of its stimulation is the local release of platelet activating factors, such as ADP or
thromboxane (TxA2). [20] These biologically active substances recruit more platelets, thus
enhancing their aggregation.

The agonists of platelet receptors located inside the granules also include serotonin. Collagen
and thrombin are strong activators of platelets, which are not found in intra-platelet granules.
Thrombin is considered to be the strongest physiological activator of platelets. [21] It is
formed in the plasma under the influence of the tissue factor (TF) which is released upon
tissue injury. [22] Thrombin catalyzes the conversion of fibrinogen into fibrin, and is therefore

a common element of primary and secondary hemostasis. [23,24]

The role of platelets in hemostasis

Platelets are considered to be important players in primary haemostasis. We can distinguish
the several-stage participation of platelets in the blood coagulation process: adhesion,
activation and aggregation. [18,25] At the site of damage to the vascular wall, the collagen-
rich subendothelial layer of the vessel is exposed. Then the platelet glycoproteins GP VI and
GP Ia/lla are bound to it directly or GP Ib/IX/V and GP IIb/Illa indirectly by vWEF. On the one
hand, the von Willebrand factor interacts with a specific receptor located in the
subendothelium, and on the other hand, with the platelet receptor, in particular glycoprotein Ib.
This leads to the accumulation of platelets at the site of damage as a single layer of cells. [25]
It is the first step in primary hemostasis, and this is known as adhesion. This process depends
to a large extent on the rheological conditions. In small vessels where the flowing blood
generates a high shear force, the binding of platelets to the subendothelial matrix is mediated
by vWF. In larger vessels, where low shear force is generated by blood flow, platelets interact
with collagen without other proteins. As a consequence of binding to collagen, intracellular
activation systems are activated, which results in the transition of platelets from a resting to an
active state. [7] Then it is observed a change in the shape of the platelets from discoidal to
spherical. [10] As a result of changes in metabolism and the reorganization of the cytoskeleton
of the platelets, they become irregular cells with numerous protrusions, called pseudopodia.

[7,26] Various receptors are also expressed on their surface, including receptors for fibrinogen.
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At the same time, it takes place a calcium ion-dependent degranulation process, consisting in
the release of biologically active substances stored in the granules, which further intensify the
activation and aggregation of subsequent platelets. The above described phenomenon is called
activation. There are probably two pathways for platelet activation but the metabolic
integration processes required for platelet activation are not fully clear and understood. The
first is the degradation of phosphatidylinositol 4,5-bisphosphate (PIP2). This pathway
probably plays an important role in the initial activation of GP IIb/Illa as well as the
subsequent stabilization interactions of GP IIb/Illa-fibrinogen, which ultimately leads to
irreversible aggregation of platelets. [27] The second metabolic pathway is the arachidonic
acid cascade, leading to the formation in platelets of the highly reactive arachidonic acid
metabolite of the cyclooxygenase pathway - thromboxane A2. [28]

Similar processes taking place in endothelial cells lead to the synthesis of prostacyclin (PGI»),
which in turn inhibits platelet aggregation and has vasodilating properties. The GP IIb/Illa,
which is a receptor for fibrinogen, plays a key role in the process of platelet aggregation. The
platelet acquires the ability to bind fibrinogen only after agonist-induced GP IIb/Illa
conformation change. [29] Moreover, the activation of platelets is accompanied by the
exposure of many more molecules of this complex to the surface of the platelets, as a result of
their movement from the intraplatelet pool. Due to the fact that fibrinogen has a dimeric
structure, one of its molecules is able to bind a two adjacent platelets. The fibrinogen bridges
formed in this way between the platelets are essential for the platelet aggregation process,
regardless of the type of activating agent. The end result is that a hemostatic platelet plug
closes up the damaged site of the blood vessel and that controls the bleeding. [30]
Subsequently, it is strengthened by the fibrin network and at the same time transformed into a
clot.

Activated platelets also participate in the next stages of the blood clotting process, and their
role is to make available negatively charged phospholipids, primarily phosphatidylserine (PS)
and phosphatidylethanolamine (PE), on which enzyme-cofactor-substrate complexes are
formed by coagulation factors. [31] Under the influence of activating factors, phospholipids
which have procoagulant properties are exposed on the surface of the platelets' membrane.
Factor IXa binds to factor VIIla on anionic platelet surfaces to form the intrinsic tenase
complex which activates factor X. In the same way, the prothrombinase complex is formed on
the platelet surface by the interaction of factor Xa, Va and platelet phospholipoproteins. It is
responsible for the conversion of prothrombin to thrombin (Ila). Both reactions require

calcium ions. The extremely high speed and efficiency of the clotting reaction is made
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possible by PS and PE. At the same time, it is limited only to the site of damage to the
vascular wall, thus preventing the transformation of a physiological clot into a

pathological clot.

Secondary hemostasis

The transformation of fibrinogen, which is a soluble plasma protein, into a spatial network of
fibrin, which strengthens the hemostatic platelet plug under the influence of thrombin, is
crucial in the blood coagulation process. It takes place with the participation of a several
different factors (Table 2), including 12 coagulation factors, which are plasma proteins, tissue
factor, that is an integral protein of cell membranes, phospholipids of cell membranes and
calcium ions. [7] The clotting factors can be divided into three groups:

1) The factors included in the prothrombinase complex — II, VII, IX 1 X

2) The factors affected by thrombin — I, V, VIII 1 XIII

3) The contact factors of hemostasis — XI, XII, prekalikrein and high molecular weight
kininogen (HMWK)

Some of the clotting factors are present in the plasma in the form of inactive proenzymes, also
known as the zymogens. These are serine proteases including FII (Blood-coagulation factor II,
prothrombin), FVII (Blood-coagulation factor VII, proconvertin), FIX (Blood-coagulation
factor 1X), FX (Blood-coagulation factor, Stuart-Prower factor), FXI (Blood -coagulation
factor XI), FXII (Blood-coagulation factor XII) and prekalikrein. Their transformation into
active forms is accomplished by limited proteolysis.

Blood clotting occurs in a multi-step process known as the coagulation cascade. The cascade
is a chain reaction in which one step leads to the next. In general, each step produces a new
protein which acts as an enzyme, or catalyst, for the next step. Moreover, in the following
reactions, we are dealing with a multiplication of the number of active substrate molecules.
This is because a small amount of the enzyme hydrolyzes more substrate molecules. [7] In the

blood coagulation cascade, the enzyme-cofactor complex is taken as the functional unit.
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Table 2. Blood coagulation factors

Factor Synonym Role in blood coagulation
I Fibrinogen Fibrin precursor
II Prothrombin Proenzyme

1 Tissue factor Cofactor

v Calcium ions Cofactor

v Proaccelerin Cofactor

VI Accelerin -

VII Convertin Proenzyme

Vi Antihemophilic factor A Cofactor

IX Antihemophilic factor B Proenzyme

X Stuart factor Proenzyme

XI Antihemophilic factor C Proenzyme

XII Hageman factor Proenzyme

X1 Fibrin stabilizing factor Proenzyme
Prekallikrein Flether factor Proenzyme
High molecular kininogen Fitzgerald factor Cofactor

To summarizing, the whole process is based on the formation of three enzyme complexes with
a homologous structure and function. They consist of a vitamin K-dependent serine protease,
a protein cofactor and a substrate. The place of their formation is the negatively charged
surface of phospholipids provided mainly by active platelets. There are approximately 2,800
binding sites on each of them. Moreover, in addition to platelets, lymphocytes, monocytes,

and activated endothelial cells can also be source of negatively charged phospholipids.

There are two pathways to formation of the prothrombinase complex: (Figure 2)

- the intrinsic pathway that FXII, HMWK and prekalikrein, called contact factors, are
activated by contact with negatively charged surfaces;

— the extrinsic pathway that the clotting initiator is a tissue factor. [7]

Thanks to the separation of two pathways, the interpretation of blood coagulation tests in vitro

223



has become easier. The ignition factor for the intrinsic pathway is the activation of factor XII
as a result of its contact with the negatively charged collagen surface, exposed as a result of
damage to the vascular wall, as well as a result of contact with sulfonated glycolipids or acid
mucopolysaccharides. The simultaneous absorption of prekalikrein and HMWK enables faster
and more efficient activation of FXII. Under the influence of FXIla (Activated blood-
coagulation factor XII), FXI is activated on negatively charged surfaces, which in turn
activates FIX. Next, FIXa (Activated blood-coagulation factor IX) in the presence of FVIlla
(Activated blood-coagulation factor VIII), phospholipids and calcium ions activates factor X.
This leads to the degradation of prothrombin (FII) into thrombin (FIla - activated blood-
coagulation factor II) [15, 32, 33] It is a common step to both ways of clotting activation.

A key role in the process of coagulation initiation in vivo plays the tissue factor-dependent
pathway. [34] As a result of vessel damage, the tissue factor is exposed to the surface of
fibroblasts or monocytes. Then, on the surface of these cells, in the presence of calcium ions,
FVII forms an active TF-VIla complex with TF. The FVII activation can occur under the
influence of thrombin, FXIa (Activated blood-coagulation factor XI), FXIla, FXa (Activated
blood-coagulation factor X) and plasmin. As a result, a much more of FVIla is formed in the
circulating blood than other active clotting factors. The main task of the cell surface-bound
TF-VIIa complex is the activation of FX to FXa [35,34] The active factor X can initiate the
degradation of prothrombin into thrombin without the participation of its cofactor, FVa
(Activated blood-coagulation factor V). Then it is formed a small amount of thrombin, and a
specific inhibitor of the extrinsic pathway of coagulation (TFPI - tissue factor pathway
inhibitor) quickly inactivates the Xa-VIla-TF complex. [36] This amount of thrombin is too
small to form a stable fibrin. However, it is sufficient to activate platelets, separate FVIII
(Blood-coagulation factor VIII) from vWF and convert FV (Blood-coagulation factor V),
FVII and FXI to their active forms. This in turn leads to the formation of much more thrombin,
which is known as a thrombin burst. Thus a large amount of thrombin, that causes the
conversion of fibrinogen to fibrin, is produced on the intrinsic pathway. According to the new
concept of the coagulation cascade, the physiological activator of FXI is not only FXIIa as
previously thought, but also thrombin formed on the extrinsic pathway.

The conversion of fibrinogen (FI - Blood-coagulation factor I) to fibrin (Fla - Activated
blood-coagulation factor I) is the last stage of the blood coagulation. This happens under the
influence of thrombin, which splits off two pairs of small fibrinopeptides A and B from
fibrinogen. As a result, the obtained fragment, which is a fibrin monomer, under physiological

conditions polymerizes and forms a fibrin network. [37] In the final step of blood coagulation,
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FXIII (Blood-coagulation factor XIII) catalyse the fibrin polymer stabilization process. Under
the influence of thrombin and calcium ions, FXIII acquires the properties of transglutaminase

and leads to the formation of covalent cross-links between adjacent fibrin monomers. [38]
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